Polyurethane (PU) and polyethylene glycol (PEG) were used to prepare a porous stent-covering material for the controlled delivery of small interfering RNA (siRNA). Microporous polymer films were prepared using a blend of polyurethane and watersoluble polyethylene glycol by the solution casting method; the PEG component was extracted in water to make the film microporous. This film was dipped in 2% poly(methyl methacrylate-co-methacrylic acid) solution to coat the polymer film with the anionic polyelectrolyte. The chemical components of the film surface were characterized by Fourier Transform Infrared (FTIR) spectroscopy and its structural morphology was examined by scanning electron microscopy (SEM). The effect of the negatively charged surface after attachment of a fluorescein isothiocyanate-(FITC-) labeled siRNA-polyethyleneimine complex onto the microporous polyurethane film and the controlled release of the complex from the film was investigated by fluorescence microscopy. Fluorescence microscopy showed the PU surface with intense fluorescence by the aggregates of the FITC-labeledsiRNA-PEI complex (measuring up to few microns in size); additionally, the negatively charged PU surface revealed broad and diffuse fluorescence. These results suggest that the construction of negatively charged microporous polyurethane films is feasible and could be applied for enhancing the efficiency of siRNA delivery via a stent-covering polyurethane film.
Introduction
Stents are little mesh tubes used for the treatment of either narrowed arteries or nonvascular lumen of the gastrointestinal, upper and lower respiratory, and urinary tract to alleviate the symptoms caused by the stenosis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, the stenting procedure is invasive to the tissue surrounding the artery or to the nonvascular internal tracts, and tissue hyperplasia is induced because of this invasive procedure. To prevent excessive tissue hyperplasia and the resulting reobstruction of the stented lumen, localized drug delivery via the stent has been attempted, and many antiproliferative drugs, including sirolimus and paclitaxel, are proven effective for lowering the restenosis rate of the procedure. In addition to antiproliferative drugs, some small interfering RNAs (siRNAs) have been effectively employed to suppress tissue hyperplasia after stenting [12] [13] [14] [15] . siRNAs can be incorporated into a stent-covering for localized siRNA delivery to the tissue around the stent. Various methods to incorporate siRNA into the stent surface have been developed, because siRNA is a negatively charged polymer and can bind to cationic polymers or a cationized surface through Coulombic interactions [16] [17] [18] . The negatively charged siRNA can be incorporated into cationic polymers such as poly-L-lysine, polyethyleneimine (PEI), or chitosan to form a complex, which facilitates siRNA uptake by a cell. Akt1 siRNA-PEI complexes were reportedly immobilized on a hyaluronic acid-coated stent surface, and after treatment with these complexes in the rat VSMC line, suppression of Akt1 protein and the downstream signaling proteins that regulate cellular proliferation was observed [17, 18] .
Effective delivery of siRNA via stent could be achieved, if the stent-covering polymer films were microporous with 2 International Journal of Polymer Science a larger surface area, allowing attachment of more siRNAcationic polyelectrolyte complexes onto the stent-covering. In this study, we developed a microporous polyurethane coating with a negative surface charge to investigate whether the increased polymer film surface area and a negatively charged polymer film surface could enhance the adsorption of siRNAcationic polyelectrolyte complexes onto the stent-covering polyurethane film.
Experimental
2.1. Materials. Polycarbonate urethane (PU), Chronoflex 85A, was purchased from Advansource Biomedical, Inc. (MA, USA). Polyethylene glycol (PEG) with a weightaveraged molecular weight (Mw) of 8,000, polyethyleneimine (PEI) with an Mw of 25,000, and poly(methyl methacrylateco-methacrylic acid) (P(MMA-co-MAA)) with a MAA content of 14%, Mn of 15,000, and Mw of 34,000 were purchased from Aldrich in Korea (Yongin, South Korea). Fluorescein isothiocyanate-labeled siRNA (FITC-siRNA) was purchased from Bioneer Co. (Daejeon, Korea). PU was purified by a swelling/deswelling process; PEG was purified by dialysis (molecular weight cut-off: 3,500, Spectrum Laboratories Inc.) against distilled water for one day, and P(MMA-co-MAA) was purified by dissolution in acetone followed by reprecipitation in distilled water. Reagent grade dimethylacetamide (DMAC) and tetrahydrofuran (THF) were obtained from Aldrich. Fluorescein-labeled siRNA was obtained from Dharmacon (Chicago, IL).
PEG-PU Film
Preparation. PEG-PU films containing an appropriate amount of PEG were prepared by dissolving both the polymers in a cosolvent system consisting of THF and DMAC. PEG was dissolved in THF at a concentration of 10% w/v, and PU was dissolved in DMAC at a concentration of 10% w/v with magnetic stirring for 3 h at 40 ∘ C. The PEG and PU solutions were mixed at a ratio of 3 : 7 for preparing a 30 PEG-PU film and at a 5 : 5 ratio for preparing a 50 PEG-PU film. The above solution (100 L) was then transferred and spread onto a cover glass, followed by drying in a chemical hood for 1 h, and in a convection oven at 70 ∘ C for 24 h, to remove possible residual solvents.
Selective Dissolution of PEG for Porous PU Films.
Porous PU films were produced by immersing the PEG-PU films in water at 37 ∘ C for 8 h. The films were then transferred into a convection oven and dried at 70 ∘ C for 24 h. The dried porous PU films were carefully stored in a vacuum desiccator for future use. The thickness and mass of each dried film were measured by means of a caliper (Mitutoyo, Japan) and an analytical balance.
P(MMA-co-MAA) Copolymer
Coating. P(MMA-co-MAA) was dissolved in a mixed solvent of ethanol/acetone (1 : 3, v/v) to prepare 0.1 and 2 w/v% P(MMA-co-MAA) solutions. The microporous PU film was dipped in the P(MMA-co-MAA) solution at 40 ∘ C for 3 s, followed by drying in an oven at 70 ∘ C for 24 h.
Incorporation of siRNA-PEI Complexes onto the Porous PU
Film. The FITC-siRNA-PEI complex (10 M) was prepared in RPMI media. The PU films coated with 0.1 w/v% P(MMAco-MAA) for FITC-siRNA-PEI adsorption were cleansed in an RNAse solution, washed with phosphate buffered saline, and transferred onto a culture plate. Opti-MEM medium (100 L) was added to the wells of the culture plate, followed by addition of 200 L of 5 M FITC-siRNA-PEI complex. The plate was covered with an aluminum foil and incubated for 2 h at room temperature. The films were then transferred to a fresh plate and washed twice with 500 L Opti-MEM.
2.6.
Characterization. PU films prepared under various conditions were evaluated by ATR-FTIR (Bio-Rad FTS 3000 MX). Water contact angles for the microporous PU film before and after coating with P(MMA-co-MAA) were measured by Phoenix-10 (Surface Electro Optics, Inc., Suwon, Korea). The surface morphologies (top and bottom) and the cross sections of the prepared films were examined by a scanning electron microscope (SEM, Hitachi-4700, Japan). The incorporation of FITC-siRNA-PEI onto the porous PU films was evaluated by a fluorescence microscope (BX-51, Olympus, Japan), and the release of FITC-siRNA-PEI from the microporous PU films was monitored with a spectrofluorometer (Fluoroskan Ascent FL, Thermo Scientific, USA) at an excitation wavelength of 555 nm and an emission wavelength of 565 nm. Figure 1 shows the SEM images of a 30 PEG-PU film (containing 30% of PEG) before and after the PEG extraction process. Before the PEG extraction process, no pores were observed on the top surface of the film (a); however, microcracks are present on the bottom surface facing the cover glass (b), and the cross section shows no pores but the presence of a scalelike structure (c). After PEG extraction, micropores can be seen on the top surface (d), along with micropores and a layered structure on the lower surface (e), and interconnected micropores are observed on the cross section (f). The structured layer observed on the lower surface facing the cover glass could be due to the easy penetration of water, attracted by hydrophilicity of the glass, and the formation of aqueous layers between the PU film and the cover glass.
Results

PEG-PU Film Preparation.
SEM images of a 50 PEG-PU film (containing 50% of PEG) before and after the PEG extraction process are shown in Figure 2 . Before PEG extraction, aggregates are observed on the top (a), bottom (b), and the cut surfaces. After the PEG extraction process, the aggregates disappear and micropores are observed instead. Thus, the aggregates in the 50 PEG-PU film, observed in Figures 2(a)-2(c) , should be composed of PEG, which is phase-separated from the PEG-PU solution during the solvent evaporation process. Upon PEG extraction, the film thickness decreased (Figures 2(c) and 2(f)), and the film appeared too weak for the stentcovering application. Therefore, we decided to investigate only the microporous film prepared from the 30 PEG-PU film for potential stent application. Figure 3 shows the FTIR spectra of the pure PU film (a) and the 30 PEG-PU film before (b) and after PEG extraction (c). The FTIR spectrum of the pure PU film shows absorption bands at 3480 cm −1 for the secondary amine, at 1725 cm −1 for the amide carbonyl (C=O), and at 1258 cm
for the ether C-O-C group [19, 20] . As for the 30 PEG-PU composite film, the absorption band at 1110 cm −1 is due to the characteristic absorption of C-O stretching in PEG [20] . After PEG extraction, the characteristic absorption bands of PEG no longer exist, as seen in Figure 3(c) , indicating the complete removal of PEG.
Porous Film Coated with P(MMA-co-MAA).
To demonstrate the presence of the P(MMA-co-MAA) layer on the porous film, the P(MMA-co-MAA) coated porous PU film was investigated by ATR-FTIR, and the results are shown in Figure 4 .
The ATR-FTIR spectrum of the porous PU film, prepared after PEG extraction from the 30 PEG-PU film as shown in Figure 4(c) , is basically the same as that of the PU film, as shown in Figure 3(a) . The ATR-FTIR spectrum of 2% P(MMA-co-MAA) film in Figure 4 (b) reveals absorption bands at 1152 cm −1 for C-O stretching of the ester group in MMA and MAA, at 1200-1300 cm −1 for the ether C-O-C stretching vibration, and at 1725 cm −1 for the stretching band of the acrylate carboxylate group (C=O) of P(MMA co-MAA) [21] . The ATR-FTIR porous PU film coated with P(MMA-co-MAA) in Figure 4 (a) shows a superposition for the P(MMA-co-MAA) film at 1152 cm −1 and for porous PU at 1338 cm −1 . 
Water Contact Angle.
The surface properties of different PU films were evaluated by measuring the water contact angles as shown in Figure 5 . The pure PU film surface exhibited a highly hydrophobic characteristic with a water contact angle of 80 ∘ (±2) (a) and this value matched with the unique surface property of pure PU [22] . The contact angle diminished to 58 ∘ (±1), when the PU film was dipped in a 0.1% P(MMA-co-MAA) solution for 3 s and dried (b). The contact angle decreased further to 49 ∘ (±1), when the dipping solution was 2% P(MMA-co-MAA) (c). This indicates that the degree of P(MMA-co-MAA) coating and the resultant hydrophilicity of the film can be controlled by manipulating the P(MMA-co-MAA) concentration.
Incorporation of siRNA-PEI Complex on PU Films.
To observe the siRNA-PEI complex on the anionic polymer coated PU and pristine PU films, FITC-siRNA-PEI complexes adsorbed onto the PU films were evaluated by fluorescence microscopy. As shown in Figure 6 , the FITC-siRNA-PEI adsorbed on the PU surface shows aggregates measuring up to few micrometers in size. The aggregates are present on the surfaces of both the PU film coated with P(MMA-co-MAA) and the PU film without the coating (b). However, the film coated with P(MMA-co-MAA) exhibits broad fluorescence distribution as well as intense fluorescence from the aggregates. siRNA-PEI aggregates with an average diameter of 80-90 nm have been reported previously by dynamic light scattering [23] . siRNA takes up negative charges; hence, it should be well-soluble in water. However, the negative charge of siRNA is neutralized when it is complexed with the positively charged PEI. The much larger size of the FITCsiRNA-PEI aggregates observed in this study compared to that reported in the above reference could be because of the increased hydrophobicity conferred by the FITC label to the siRNA-PEI aggregates.
Intense fluorescence was observed when polymorphonuclear leukocytes including FITC-labeled lipopolysaccharide were aggregated, and a diffuse fluorescence background was observed from isolated and dispersed leukocytes [24] . We interpret the intense fluorescing object as aggregates of the FITC-labeled siRNA-PEI complex and the broad diffuse fluorescing objects as the isolated FITC-labeled siRNA-PEI complexes. Apparently, the concentration of the isolated FITC-labeled-siRNA-PEI complexes increases when the PU surface becomes negatively charged. This could be due to stabilization of the FITC-labeled-siRNA-PEI complexes through Coulombic interactions with the negative charges on the PU surface conferred by the P(MMA-co-MAA) coating. 3.5. Spectrofluorometry. The cumulative fluorescence intensity of the FITC-labeled siRNA-PEI complex, obtained by spectrofluorometry from the PU film and the anionic polymer treated PU film, is shown in Figure 7 . The fluorescence intensity of the FITC-siRNA-PEI complex released from the control PU film was initially around 300, and the intensity increased almost linearly for 2 weeks to around 500 (Figure 7(b) ). On the other hand, the intensity of the FITC-siRNA-PEI complex released from the negatively charged porous PU film was initially around 700 and the intensity increased steeply and reached 1,100 (Figure 7(a) ). We consider that this increased initial fluorescence intensity from the negatively charged PU surface is because of the aforementioned increased concentration of the FITC-labeled siRNA-PEI complexes.
After the initial burst of release, the release of FITClabeled siRNA-PEI complex is stabilized, and the release process continues for up to 2 weeks, where the steady release rate of the negatively charged porous PU film is approximately 2 times greater than that of the PU film without the coating.
We interpret this slow release process of FITC-labeled siRNA-PEI complexes as being a result of slow decomposition of the aggregates. 
Conclusions
In this paper, a microporous polyurethane stent-covering film with negative surface charge and increased surface area was manufactured to enhance the delivery of siRNA-PEI complexes; the microporous film was characterized by SEM, and coating with negatively charged P(MMA-co-MAA) was confirmed by ATR-FTIR and water contact angle measurements. Fluorescence images of the FITC-labeled siRNA-PEI complex on the PU film revealed that siRNA-PEI complexes exist both as aggregates and as separated entities on the negatively charged PU surface. The spectrofluorometry study indicated that the siRNA-PEI complexes dissociate from the surface in two stages: an initial burst stage within an hour and a late steady-state stage for up to 2 weeks. The introduction of anionic charges onto the PU surface appears to enhance both the amount of the adsorbed FITC-labeled siRNA-PEI complexes and their release rate from the PU surface. For clinical application, further studies on the stability of the siRNA-PEI incorporated PU film during the stent packaging and sterilization processes are warranted.
